The relationship between tracer velocities and wave or wetting front celerities is essential to understand water flowing from hillslopes to the stream. The connection between maximum velocity and celerities estimated by means of experimental techniques has not been explored. To assess the pattern of infiltrating water front and dominant flow direction, we performed sprinkling experiments at a trenched plot in the Weierbach catchment in Luxembourg. Maximum velocities and wetting front celerities were inferred at different depths using artificial tracers, soil moisture measurements (TDR), and geophysical techniques. The flow direction was predominantly vertical within the observed plot, with almost no lateral flow observed until depths of 2-3 m; shallow trench flow was intermittent and associated with preferential flow. Average celerity estimates using TDR and geophysical techniques were equal to 707 ± 234 mm h À1 and 971 ± 625 mm h 
Introduction
Spatial and temporal heterogeneity of soil and bedrock structure is known to control subsurface response, that often dominates runoff generation McDonnell et al., 2007; Zehe and Sivapalan, 2009) . Particularly in the unsaturated zone, the behaviour of the small-scale hydrological processes is highly nonlinear both temporally (wetting and drying phases) and spatially (Beven, 2012) . Despite its proven importance, many unknowns still need to be resolved to improve understanding of such heterogeneity, in terms of how it affects water travel time characteristics as well as hydrograph responses (Botter et al., 2010; Rinaldo et al., 2011) .
Travel time distributions are controlled by water velocities and filled pore space (Kirchner, 2016; Rinaldo et al., 2011) . Conversely, the hydrograph response is controlled by celerities of the pressure responses and the effective storage that is filled and emptied as the wetting front progresses into the soil and the water tables rises and falls (Beven, 2010; McDonnell and Beven, 2014) . One way to learn about the bulk effects of heterogeneities in the unsaturated zone at the hillslope and catchment scales is the interpretation of tracer observations to provide information about velocity distributions (Rinaldo et al., 2011) and simultaneous derivation of celerities from water content, piezometer and discharge responses (McDonnell and Beven, 2014) . McDonnell and Beven (2014) recently stressed the importance of characterising both tracer velocities, the measure of how fast pore water moves, and celerities, the measure of how fast the storage of water responds to a perturbation, in response to a rainfall event. This is critical as it helps explain the old-water paradox where streams can respond quickly to rainfall inputs but with water that has resided in the catchment for weeks, months or years (Beven, 1989; Kirchner, 2003) . Beyond increased process understanding, the characterisation of velocities and celerities at the plot scale is necessary to implement physically reasonable model interpretations of flow at the larger hillslope and catchment scales.
Because of their nature, we expect velocity and celerity distributions to differ from each other, converging to similar values only in preferential flow domains (Hrachowitz et al., 2016) . The differences between velocity and celerity are notions currently employed in the most novel modelling frameworks (Davies et al., 2013 Hrachowitz et al., 2013; Laine-Kaulio et al., 2014) and recent work showed the importance of experimentally derived tracer velocities in the spatial and temporal evolution of stream flow (Benettin et al., 2015; Bergstrom et al., 2016) . Getting velocities and celerities right would mean that process representations are more likely to be, in the words of Kirchner (2006) , right for the right reasons (see also Beven, 2010; McDonnell and Beven, 2014) .
Sprinkling is the most widely used tool to control irrigation characteristics (Valipour and Singh, 2016; Valipour, 2012) . In hydrological studies, sprinkling experiments carried out at trenched hillslopes are often used to characterise the vertical and lateral components of flow reaching different soil layers (McGlynn et al., 2002; Wienhöfer et al., 2009) , allowing rainfall characteristics and, in part, boundary conditions to be controlled (McDonnell et al., 2007; Wienhöfer and Zehe, 2014) . A recent sprinkling experiment showed the importance of the characterisation of multi-tracer approaches to estimate pore velocities, in an effort to characterise interflow and preferential flow (Jackson et al., 2016) .
The observation of water flow is often combined with the detection of tracers, either natural, or artificial to quantify velocities. Chloride and bromide are amongst the most commonly used tracers to characterise water pathways Perkins, 2011; Tyner et al., 2007) . Bromide and lithium are considered to be near ''ideal" tracers due to their very low natural abundance and relatively conservative characteristics (Flury and Papritz, 1993; Nickus, 2001) . The interpretation of the tracer results may not, however, be simple. For example, suction lysimeters (Wagner, 1962) can be used to detect tracer arrival times (velocities) , but the concentrations detected are expected to be a mix of mobile and relatively immobile water (Weihermüller et al., 2005) . Additionally, geochemical processes, such as sorption/desorption, and root uptake effects will also affect measured concentrations (Weihermüller et al., 2007) .
Soil moisture estimated using Time Domain Reflectometry (TDR) (Topp et al., 1980) can be used to detect the arrival of a wetting front (Haga et al., 2005) , and some versions of the TDR probes can be used to infer electrical conductivity data as an indication of tracer arrival (Dalton et al., 1984; Persson, 1997) . As wetting fronts can be highly spatially variable, obtaining spatially highly resolved data with point measurements using TDR remains challenging and expensive (Vereecken et al., 2014) .
Electrical resistivity tomography (ERT) is a non-intrusive technique that can be used to provide spatially-resolved resistivity measurements of the subsurface (Binley and Kemna, 2005; Cassiani et al., 2006; Dahlin, 2001; Loke and Barker, 1996) . Timelapse surveys have been employed to characterise subsurface infiltration of water using the addition of tracers (Cassiani et al., 2009; Park, 1998; Slater et al., 2002) , providing spatially and temporally resolved information on the wetting front.
The aim of this study is to explore the velocity and celerity responses at the plot scale, in a catchment where subsurface flows are known to contribute to riparian zone wetness and streamflows. Previous research in the Weierbach catchment has focused on identifying the dominant runoff generation processes (Fenicia et al., 2013; Wrede et al., 2015) . Preliminary physiographic and geophysical investigations concluded that the fast drainage of the soil in addition to the relatively steep slopes generated lateral flow components in the subsurface and fractured bedrock (Wrede et al., 2015) . However, the small-scale processes that are responsible for the hydrological response at catchment scale remain poorly understood.
Although the characterisation of velocities and celerities is important to infer flow pathways and residence times, how to best design experiments or this purpose is still poorly understood. This study examines downslope lateral flow in the soil profile (including preferential flow and patterns of local saturation), which previous experimental designs in the Weierbach catchment had not been able to track. Here, a three-fold monitoring protocol is designed for determining maximum velocity and celerity at plot scale. Installed on a trenched hillslope, the experimental set-up consists of [i] artificial tracers, [ii] time domain reflectrometry (TDR), and [iii] geophysical techniques. In the framework of controlled sprinkling experiments, the complementarities and limitations of each of these techniques are explored -geared towards the estimation of maximum velocities and celerities within a schist plot.
Description of the experimental field site
The Weierbach, an experimental site located in the North-West of Luxembourg, has been monitored for its hydro-climatic response for more than 20 years. The catchment has an area of 0.45 km 2 , is predominantly forested, and it is underlain by Devonian slate. The altitude ranges from 422 to 512 m a.s.l.
Within this catchment, a 64 m 2 plot has been isolated and instrumented (Fig. 1) . The site is located on a north facing slope, on the left bank, just uphill of a forest road cut, 40 m from the river (Fig. 1a) . The slope averages 10°and is perpendicular to the stream. At this location, the regolith consists of three main layers, which developed from periglacial slope deposits on the fresh Devonian slate bedrock (Juilleret et al., 2011 . The soil is classified as a Dystric Endoskeletic Cambisol (Colluvic, Bathyruptic, Siltic) in the WRB (IUSS Working Group WRB, 2015) . From 0 to 40 cm depth, the soil has developed from a loamy material originated from periglacial slope deposits. It is divided in an upper thin organic rich A horizon (0-8 cm depth) and a cambic B horizon (8-40 cm depth). From 40 to 110 cm, the C horizon is composed of periglacial deposits dominated by slate rock fragments. At about 110 cm a lithic discontinuity occurs, separating the upper periglacial cover bed from the slate rock substratum. The deeper layer, from 110 to 500 cm depth, is constituted of weathered and fractured slate. The nearly vertical fractures, which are gradually closing with depth, permit rooting and, despite the impervious properties of the slate lithology, water can infiltrate through it. According to Martínez-Carreras et al. (2016) , the mean drainage porosity decreases from the soil surface to the regolithbedrock interface: 75%, 65% and <9% for the A, B and C horizons, respectively.
Materials and methods

The sprinkling experiments
Celerity and velocity depend on input intensity and antecedent conditions (Beven, 2012) . Two sprinkling experiments were conducted under similar conditions of wetness. Intensity rates were kept as homogeneous as possible, in order to estimate maximum velocities and celerities and under comparable conditions.
Site implementation
Two garden sprinklers Gardena AquazoomTM 250/2 were used to perform artificial rainfall experiments, with the objective to apply water as uniformly as possible onto the plot surface. Rainfall intensities and uniformity were assessed by two types of water collectors. Permanent rainfall collectors were placed at 9 locations within the plot (Fig. 1b) . During the sprinkling, 7 additional rainfall collectors were used to characterise more accurately the uniformity of the sprinkled water on the surface. Rainfall was measured at hourly time steps during the experiments. Rainfall intensities were derived from the spatial averaged value of the collectors. A summary of the sprinkling experiments is shown in Table 1 .
The stream water of the Weierbach was used for the irrigation of the plot. This water presents a low mineralization level (electrical conductivity (EC) around 50 lS cm À1 ) and its chemical composition did not interfere with the artificial tracing experiments. The natural background concentration of the tracers used during the experiment was estimated using data collected bi-weekly over a three year period (2011) (2012) (2013) before the two experiments.
TDR sensors were used to measure the soil volumetric water content (VWC), before, during and after the sprinkling events. Changes in soil moisture and movements of the wetting front were estimated with 5 water content reflectometers (WCR -CS616, Campbell Scientific, 2011 Ltd.) . The sensors were installed horizontally at 10 cm depth and vertically between 50 and 80 cm depth (Fig. 2) . Additionally, a multi-parameter WCR sensor (CS650, Campbell Scientifics Ltd.) was installed vertically at the middle of the plot at 50-80 cm depth. It recorded EC and soil VWC. All sensors were connected to a CR10X datalogger (Campbell Scientifics Ltd.) for continuously recording soil VWC, temperature and EC at 15 min intervals.
Suction lysimeters (PTFE/Quartz -SDEC France) were inserted horizontally at 10 cm depth or vertically below the deeper WCR, at a depth of 80 -90 cm. The suction lysimeters allowed the soil solution that drained the soil during the infiltration experiments to be sampled at variable time step (between 30 min and 3 h) in order to determine the evolution of the artificial tracer concentrations.
In order to collect shallow subsurface water flow, a 350 cm long trench was excavated at the downstream part of the experimental site (Fig. 1a) . Through the trench, 3 lateral flow troughs of 150 cm length were inserted. They were used to conduct the outflow from the trench at 25, 50 and 130 cm depth to collection points, equipped with a volume collector and a tipping bucket rain gauge (Model 52203, Young). The number of tips recorded by the tipping buckets was then converted to volume of shallow lateral flow at a 5 min time step. The sensors were connected to a DRX10 datalogger (Campbell Scientifics Ltd.).
In order to capture deeper lateral flow, two wells were installed at the base of the trench. The drilling was performed from the surface of the forest road, on the two sides of the roof covering the base of the plot. The two wells were drilled at 2 and 2.4 m depth and went through the fractured slate layer. Both wells were equipped with OTT Thalimedes probes to measure water height, temperature and EC at 1 min time step.
Sprinkling experiment 1
The goal of the sprinkling experiment was to generate heavy rainfall conditions, which would trigger lateral flow. The first sprinkling experiment was conducted in two steps between the 31st March and 10th April 2014 separated by a two days period (April 5th and 6th) without sprinkling. Meteorological conditions prior to the experiment were relatively dry: the antecedent precipitation index (API) was equal to 12 mm for a 30 days period before the experiment (API30) and 0.9 mm for a period of one week prior the experiment (API7) ( The first NaCl application (Day 3) had as primary objective the assessment of the wetting front with time-lapse ERT in combination with the in-situ probes, ultimately needed to measure celerity response. Adding tracer to the sprinkled water was necessary to estimate maximum velocities by detecting the tracer arrival from the chemical composition of sampled water at each measurement point. The in situ probes could characterise point-based celerity information for each sprinkling day. The later applications had the objective of characterising the movement of water through the soil with different tracers, to account for their differences.
Sprinkling experiment 2
Experiment 2 (Table 1) was conducted in March 2015, in order to replicate the wetting phase and using a new salt, LiCl. The sampling interval for the suction lysimeters was reduced up to 1 h to give a better definition of the evolution of the artificial tracer concentrations.
In terms of antecedent conditions, API30 was equal to 50 mm (API7 = 8 mm), about 4 times higher than in Experiment 1. The average VWC was 0.27 cm 3 cm À3 at 10 cm depth and 0.35 cm 3 -cm À3 at 90 cm depth respectively, and did not differ significantly from Experiment 1. The hillslope was sprinkled with intensities as similar as possible to Experiment 1 (step 2) for a total of 6 days, with a total irrigation of 353 mm (equal to 22,600 L). Two tracers were applied on Day 3 of Experiment 2 (13/03/2015): a solution of 1000 L containing 5 g L À1 NaCl and one of 1000 L containing 1 g L À1 LiCl were used. NaCl was employed again in order to compare estimates of celerities of Experiment 1 and 2 using the same tracer.
Chemical analyses of tracers in the soil
During both experiments, soil solution samples were taken [i] using the suction lysimeters at 6 different locations in the soil and [ii] at the volume collectors placed at each trough exit (Fig. 2) . All collected water samples were filtered at 0.45 lm using Acrodisc syringe filters (Pall Corporation) before analysis of EC, chloride (Cl . Tracer recovery at the trench face was calculated with input-output rate estimation. For each collected sample from the suction lysimeters and trench, the quantity of tracer with respect to the input concentration (respectively equal to 6.3 g L À1 for Cl (S1) 2010). Since different tracers were employed, a correlation equation between EC and the tracers could not be generated, but the EC trend was used to assess tracer dynamics at that location.
Monitoring infiltration using time-lapse ERT
The ERT method is widely described in the geophysics literature and used to study subsurface variations in electrical resistivity linked with variation of water content, clay content, porosity, saturation and the concentration of dissolved electrolytes (Dahlin, 2001; Loke and Barker, 1996; Telford et al., 1990; Tsourlos and Ogilvy, 1999) . Compared to standard ERT, time-lapse ERT can provide information on the time variability of electrical resistivity. Time-lapse ERT monitoring involves performing identical ERT surveys several times at the same location (Daily et al., 1992) , for example before, during and after the sprinkling experiment. Salt tracer injection implies an increase in electrical conductivity and consequently a corresponding decrease in electrical resistivity. Time-lapse surveys demonstrated the high potential for monitoring water infiltration during rain experiments (Descloitres et al., 2008; Travelletti et al., 2012) .
However, two main limitations of the ERT method can be identified: [i] the non-uniqueness of the inversion process, meaning that multiple spatial reconstructions of the resistivity may be consistent with the observations, and [ii] the smoothness-constrained regularisation method, which tends to smooth the resistivity models creating difficulties to locate the infiltration front precisely. To overcome these issues, several strategies for ERT interface detection have been developed Nguyen et al., 2005; Ward et al., 2014) . In another study, Audebert et al. (2014) developed the multiple inversions and clustering strategy (MICS) to better delineate the infiltration area on time-lapse ERT monitoring data sets. The methodology was assessed on numerical data and leachate recirculation field data. For the first time, this methodology was used in a hydrological study, in order to delineate infiltration at the plot scale.
ERT transect
The ERT transect used in this experiment features 120 electrodes with an electrode spacing of 0.5 m. The ERT survey location is represented by a blue line in Fig. 1 . The alignment of the electrodes follows the direction of the main slope gradient and the centre of the electrode line was located just above the upper limit of the sprinkling area. Precise location of each electrode was determined using a Trimble DR3300 Total station. The ERT measurements during tracer injection experiments were conducted with a Syscal Pro 120 (ten-channel) resistivity meter from IRIS instruments. A Wenner-Schlumberger quadripole array configuration was used for the measurements due to its good depth of investigation and spatial resolution (Athanasiou et al., 2007; Dahlin and Zhou, 2004) .
The multiple inversions and clustering strategy (MICS)
The MICS methodology is based on two steps:
i. A multiple inversion step to take into account the variability of the inversion process in varying inversion parameters. In this paper, inversions of time-lapse ERT data sets were performed to reconstruct the resistivity distributions using the Boundless Electrical Resistivity Tomography code (BERT) from Günther et al. (2006) . To determine the misfit between simulated and field data sets of apparent resistivity, the classical inversion tools use the root mean square error (RMSE) (Loke and Barker, 1996) and the Chi 2 mathematical criteria (Günther et al., 2006) . The resistivity models exhibiting a RMS higher than 5% were discarded. ii. A clustering strategy, based on a grouping criteria, to classify the results in delineating the infiltration area on the final profile (Audebert et al., 2014) . In the original paper Audebert et al. (2014) , the grouping criteria was based on the following rule: if a mesh cell belongs to the infiltration area for all clustering profiles (100% of belonging), this cell belongs to the infiltration area in the final profile. This stringent criterion of 100% would allow greater confidence in the delimitation of the area of infiltration, however retaining part of the information. This criterion was therefore relaxed and the % of times that each mesh element belonged to the infiltration area was computed using 4 grouping criteria with 60%, 70%, 80%, 90% belonging thresholds.
On the basis of previous MICS numerical tests (Audebert et al., 2014) , a total of 32 inversions is required for each resistivity data set. Sensitivity was computed for each inversion parameter set and data interpretation limited to the smallest high-sensitivity area among all the inversion results (Audebert et al., 2014) . The MICS methodology was applied to the four ERT data sets recorded before and during the tracer injection experiment, requiring a total of 128 inversions. Fig. 3 shows a conceptual illustration of the response of a 1-D non-confined system to a water input. Fig. 3a shows the traced Table 2 Sprinkling rates according to the sprinkling set-up: (a) Experiment 1, step 1, using one sprinkler; (b) Experiment 1, step 2, using 2 sprinklers: (c) Experiment 2, using 2 sprinklers. Total rainfall, Total time sprinkling and mean intensity are shown. Bold: days of artificial tracer application. water input. The water input creates a wetting front moving in the vertical direction, which displaces some of the particles of water already stored in the soil (Fig. 3b) . In such system, the maximum velocity is defined as the fastest direct movement of the tracer.
Estimating celerity and maximum velocity from the sprinkling experiments
There is an expectation that the wetting front response will be faster than the tracer responses as a result of the celerity being faster than the water velocity (Fig. 3c1) . On some occasions, bypassing or preferential flow might occur, limited by the speed of the fastest (maximum) velocity. Only in this case, where tracer moves ahead of the main wetting front, will the maximum velocity therefore appear as higher than the wetting front (celerity) (Fig. 3c2) . For the maximum velocity to be higher, tracer would need to be detected in the suction lysimeters (sampled at smaller intervals) before detecting any change in the moisture content, either due to preferential flow missing the TDR probe or within the uncertainty of MICS. The celerity was calculated for each sprinkling day using the time of the first response of VWC and trench flows to sprinkling, respectively measured by TDR probes and tipping buckets. The overall response of the plot was described by showing a range of values, due to the time-range of the measurements. The celerity of the wave response was estimated dividing the depth of the probe by the time lag between start of irrigation and response of the probe. The probes inserted vertically in the hand dug soil pits are expected to respond as soon as the upper part of the probe is wetted. The values of celerity were calculated as a range from minimum (50 cm depth) to average depth of the probe (65 cm depth).
The maximum velocity was calculated using the artificial tracer concentrations measured in the soil water samples collected in the suction lysimeters, and from the arrival time of the tracers at the trench face. In case of the suction lysimeters, the values are given as ranges due to the coarser sampling interval (Section 3.1.1). In the case of the suction lysimeters inserted vertically in the handdug soil pits, the values of maximum velocity were calculated over the average depth of the probe (85 cm depth). The timing of the sharp rise in concentration following the addition of tracer provides the estimate of maximum velocity, but might miss any preferential flow occurring in between sampling time-steps.
The maximum velocities estimated for the sprinkling days were directly compared with the correspondent celerities for the same days.
Estimating celerity from MICS
Wetting front celerities were calculated from the depths of the infiltration delimited with MICS and for each of the 4 grouping criteria (Section 3.2.2). Celerities were computed considering the topographic position of the three VWC profiles (positions corresponding to S1, S2 and S3 in Fig. 2 ) at different times. MICS celerity was computed at the correspondent location in the ERT profile. The maximum depth reached is divided by the elapsed time, corresponding to the time interval of the three ERT data sets, recorded respectively 70, 175 and 280 min after start of salt sprinkling.
Estimating apparent porosity
The ratio between the injected volume of water and the infiltration volume delimited by MICS at each time step, e a , defined as ''apparent porosity" by Clément et al. (2011) and Audebert et al. (2016) , provides an estimate of the pore volume used for water flow. In the first part of their study, Audebert et al. (2016) showed that a small value of e a (between 3% and 9%) implies that a very small fraction of the pore volume is available for water flow, which could be interpreted as fast and possibly preferential flow pathways.
Results
Trench flow and velocity/celerity estimates
During Experiment 1, the relative amount of lateral flow reaching the trench, was a total of only 24 L, equivalent of a 0.03% of the total input sprinkled onto the experimental plot surface. The lateral connectivity, i.e. trench flow, was reached only on the last 3 sprinkling days of Experiment 1. A larger precipitation rate than initially applied (on average between 15 and 28 mm h À1 ) was necessary to generate lateral connectivity and initiate trench flow. Cl À was used in 3 different occasions, and its interpretation in terms of response at the trench face is complicated due to the nonactivation of the trench during the first part of Experiment 1. Therefore, Cl À data were not included in the analysis.
On Day 9, April 10th, T1 and T2 were activated by water sprinkled prior to the salt experiment, with estimated celerity of respectively 1000, 166 and 90 mm h À1 . Before applying the KBr solution, the flow at T1 and T2 slowed down due to a 20 min break in the irrigation. Only after 20 min of sprinkling the salt solution, both T1 and T2 flow increased again, allowing a second estimate of celerity to be made of respectively 750 and 1500 mm h À1 (Table 3a) . At T3, the first tip was recorded 4 hours after starting sprinkling on that day, and one hour after starting the tracing experiment (celerity of 1733 mm h
À1
). Similar results were observed during Experiment 2: only a total of 30 L flowed to the trench (0.08%), even though the trench was activated on each sprinkling day. During Experiment 2 (March 13th 2015), only T1 was activated with celerity of 63 mm h À1 .
Sprinkling was continuous, but before sprinkling Li + , filters were cleaned, and consequently the intensity was increased. Water reached T2 (with a celerity of 1000 mm h À1 ), before T1 reactivation (celerity of 273 mm h À1 , see Table 3b ).
The maximum velocities at the trench were estimated using the detection time of the applied tracers. During Experiment 1, Cl 4.2. Chemical evolution of soil water Fig. 4 shows the time series of rainfall ( Fig. 4a ) and the multiparameter probe placed in S2 at 50-80 cm depth (Fig. 4b) . Both VWC and EC values (expressed as lS cm
) are shown, respectively in green and orange. The time series of EC monitored by the sensor in the soil matrix is characterised by 3 phases (Fig. 4b) . The data recorded after Experiment 1 show peaks of EC correspondent to the peaks of VWC during rainfall events (Fig. 4b, Part 1) . The higher value of EC during these peaks corresponds to 118.4 lS cm
, likely to be much higher right after Experiment 1. The magnitude of these peaks got progressively smaller in the last part of 2014, until almost no fluctuation was present in early 2015 (Fig. 4b, Part 2) . During Experiment 2, EC started with the lowest value of 21.5 lS cm À1 and raised again with the salt tracing, responding to the sprinkling with 15 min lag (one time step) with respect to the VWC probe (Fig. 4b, Part 3, and Fig. 4d) . One-dimensional sketch of a schematic soil box showing the difference between celerity and velocity estimated in this paper. The response to the sprinkling event using traced water (a) is shown. A wetting front is generated as a consequence to the pressure given by the water input (b). A process of displacement moves the water stored in the soil until reaching the measurement point (c1). Bypassing flow occurs when traced water moves through preferential flow reaching the measurement point in correspondence with, or even ''before", the wetting front (c2). vwc (cm 3 cm -3 ) Fig. 4 . Time series of (a) rainfall, (b) soil moisture, expressed as volumetric water content (VWC, green) and electrical conductivity (EC, orange) at S2, for the 50-80 cm depth. Three main periods are distinguished: (1) remobilization of the salt during natural rainfall events; (2) dilution of salt during natural rainfall events and (3) the effect of Experiment 2 on EC due to raise in salt concentration. Graphs (c) and (d) correspond to a zoom of period 3 and show the sprinkling sequence, VWC and EC response during Experiment 2. On Day 3, the EC rises again due to the salt solution sprinkled. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (Fig. 5) . . Maximum velocities were always higher in the deeper probes on average by 4.0 ± 5.4% (Fig. 6) (Fig. 6 , blue) only 3-5 h after sprinkling, with maximum velocities of respectively 27 ± 10 mm h À1 (shallow probe) and 232 ± 83 mm h À1 (deep probe), but was detected in S1 and S2 only after a 2 days-long delay (data not shown). On Experiment 2, Br À was present in all the suction lysimeters at all times and progressively diluted and was therefore not used for velocity calculations.
Maximum velocity estimates
Celerity estimates
The estimates of celerity could be calculated from the VWC data. Averaged VWC for the three locations at same depth within the hillslope (S1, S2 and S3), plotted against the rainfall, are shown in Fig. 7 . Fig. 7a presents both natural (in black) and sprinkled rainfall (in blue), expressed as mm/15 min. Fig. 7b shows the time series of VWC at 10 cm (orange) and 50-65 cm depth (green). Over the full time series, at 10 cm depth, the VWC ranged between 0.709 and 0.185 cm 3 cm
À3
, while at 50-65 cm depth it ranged between 0.516 and 0.351 cm 3 cm
, showing higher fluctuations in the shallow probes. Correlation between the probes (calculated for the full time series and only between probes at same depth) ranged between 0.80 and 0.89. Even if the API was higher before Experiment 2 by 38 mm (API30), the average VWC was higher before Experiment 1 by 5%. . Celerity values were always higher in the deep probes on average by 5.1 ± 2.3% (calculated from Fig. 8 (Fig. 6 ).
Time-lapse ERT
This section focuses on Day 3 of Experiment 1, April 2nd, when the NaCl solution was sprinkled for the first time. Fig. 9 shows the time series of sprinkled rainfall (a) and VWC responses (b). The plot was sprinkled for 1.5 h (from 10 h 35 min to 12 h, indicated by P1 in Fig. 9a) . After a stop of 2.5 h, the plot was sprinkled with the NaCl solution (P2, orange-coloured). The three time steps of time-lapse ERT following salt sprinkling are indicated by grey vertical lines: time steps b, c, and d (70, 175 and 280 min after the beginning of salt sprinkling, respectively).
4.5.1. Resistivity changes due to salt application Fig. 10 presents the ERT results obtained during Experiment 1 of salt sprinkling. Profile (a) represents the initial interpreted resistivity (before the beginning of the salt sprinkling) and was obtained from a standard inversion procedure (i.e. L1-norm, w z equal to 1 and a k value of 20). The variability of resistivity with depth corresponds well with the regolith vertical structure as observed in the trench and core drillings of both wells. Resistivity in the first 0.5 m depth (A and B horizons) is around 1000 X m (light blue, 1 Fig. 10a ).
Between 0.5 and about 2.0-2.5 m depth, resistivity forms a sharp peak (yellow to red, Fig. 10a) , with a maximum of 7000-10,000 X m at around 1.0-1.5 m depth. The increase in resistivity corresponds to the C horizon, whilst the decrease deeper in the profile corresponds to the first heavily fractured part of the bedrock.
Resistivity progressively decreases to a minimum of 100-500 X m at 5 m depth, as bedrock becomes fresher (dark blue, Fig. 10a ). The pre-sprinkling signal is therefore characterised by very low porosity and resistivity at deeper layers, due to the physical properties of the bedrock. The values of resistivity obtained with the standard inversion of the initial ERT data set ensures that the resistivity contrast between the salt tracer solution used during Experiment 1 (conductivity of 9.5 mS cm À1 , corresponding to a resistivity of 1.1 X m) and the surrounding medium, will be high (particularly until 2.5 m depth where pre-sprinkling resistivity is high).
Using MICS to characterise water penetration depth
MICS results are presented according to grouping criteria between 30% and 100% (Fig. 10b, c and d) . Each grouping criteria result is shown based on the colour ramp -from grey for areas that changed less than 60% of the times, to white, for intermediate values, and blue, assigned to the clustering result indicating the pixels that were changing in all the 32 inversions for each time step (100%). An infiltration plume based on the grouping criterion is therefore visible. In the upper part of the plot (S3), the plume of infiltration reaches 1.60 m (90%) to 2.25 m depth (70%) depending on the grouping criterion (Fig. 10b) . The tracer infiltration expands in depth in the middle (S2) part of the plot (until 1.00-1.60 m) and partially in the downslope direction (Fig. 10c) . Only on the third time step (Fig. 10d) does the plume reach a depth of 1.35-1.85 m in the bottom part of the plot (S1). The maximum depth is reached at location S3, with 1.95 m (90%) to 2.45 m depth (70%). No significant resistivity changes indicating infiltration are observable below 2.50 m.
Celerity estimated with MICS
Celerity responses on 02/04/2014, using both 50-65 cm depth VWC values and MICS values estimated using different grouping criteria, are shown in Table 4 . In both VWC and MICS estimates the lower part of the plot (S1) has lower estimates of celerity than the middle (S2) and top part (S3) ( Table 4 ). The averaged values for MICS are 1761 ± 281 (S3), 986 ± 215 (S2), and 257 ± 172 (S1) mm h À1 .
VWC-derived average estimates of celerities are 921 ± 76 (S3), 788 ± 112 (S2) and 412 ± 30 mm h À1 (S1). VWC-derived estimates show slower celerities with respect to MICS-derived estimates in the case of the top (S3) and middle (S2) locations (Table 4 ). The bottom site (S1) has an opposite pattern: MICS estimates are lower than VWC ones.
Change in water-filled porosity
The apparent porosity was calculated at the three time steps following the tracer injection and for each grouping criteria. The lower range of porosities observed for time step (b) is between 1.6% (60% criterion) and 4.7% for the 100% criterion. Time step (c) ranges between 3.3% (60% criterion) and 12.0% (the maximum value, for 100%) and time step (d) has intermediate values, between 3.4% (60%) and 10.4 (100%). Only one value exceeded 10%. In the same event, the VWC increment was on average 5.7% at 65 cm depth. Taking into account all the sprinkling days of both experiments, the VWC increment was on average 44.9% at 10 cm depth and 7.9% at 65 cm depth.
Experiment 2 (2015) Fig. 5 . Box plots showing the range of concentrations of each tracer during Experiment 1 (plots on the left) and Experiment 2 (plots on the right). On each box, the central red mark is the median, the edges of the box are the 25th and 75th percentiles, whilst the black sides show the 5th and 95th percentiles. Red crosses indicate outliers (difference >3 standard deviations). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Discussion
A predominantly vertical flux direction
It is known from other studies in the Weierbach catchment that subsurface lateral flows contribute to seepage into the riparian areas Wrede et al., 2015) . The flows on the experimental plot, just 40 m from the stream were, however, predominantly vertical, even after applying large amounts of water. In fact, low volumes of flow reached the trench during the experiments (respectively 0.03% in Experiment 1 and 0.08% in Experiment 2), meaning that most of the water was infiltrating to deeper layers. The near absence of lateral flow during both experiments indicated a strong vertical flow preference. This was consistent over all experiments and under natural rainfall conditions. The small amount of flow at the trench occurred only under the highest rainfall intensities (above 15 mm h À1 ), and was sporadic. The two wells located at the base of the plot did not detect any saturation during the experiment, showing that the percolation of the sprinkled water must have gone deeper before generating any consistent lateral flow downslope. Any downslope flow is therefore expected to be lower than their depth (2 and 2.40 m from the forest road surface).
The average value of VWC-based celerity in the deep WCR probes (707 ± 234 mm h À1 ), point-based, was lower than the average value of celerity derived from MICS (971 ± 625 mm h À1 ) ( Table 4) . Wetting front measurements were in close agreement with one another, despite the different time steps of the celerity estimates, from 15 min for the TDR probes, to 105 min for the time-lapse ERT. This suggests that MICS methodology applied to time-lapse ERT provided a suitable estimate of flow movement through the soil profile under the conditions observed here.
MICS helped to identify the lower infiltration rate at the bottom of the plot (Fig. 10) . Corroborating this behaviour, the deeper WCR probe located at the bottom site in the plot consistently reacted with a longer time lag than the others, and therefore had a value of celerity only half that of the upper sites (Table 4 ). The reason for this could depend on changes in permeability, possibly linked to disruption during the construction of the forest road, causing a different pattern of infiltration in the lower plot. Moreover, the lower part of the plot received somewhat lower sprinkling intensities, in part due to a deliberate decision to avoid water falling on the roof of the trench.
MICS results showed no expansion in the downslope direction of the infiltration plume at the three time steps (Fig. 10) : the movement of water through the soil cannot be detected with MICS at depths further than 2-3 m. Our results on in situ measurements S1 S2 S3 2014 2015 (Section 4.2) showed that there is fine-scale variability in the soil structure, and that fine-scale preferential flow is not captured by the coarser resolution of the MICS methodology (Fig. 10) . MICS could not therefore be used to draw clear conclusions on lower boundaries for generation of lateral flow. This is partly due to the sensitivity of the ERT method, which is decreasing with depth. On the other hand, MICS requires a high resistivity contrast between the electrically conductive infiltration and the surrounding medium. Despite the very conductive salt tracer solution used (Section 4.5.1), the physical properties of the bedrock below 2.50 m depth, are responsible for a highly conductive pre-sprinkling signal (lower contrast with the surrounding medium), therefore disrupting the capability of MICS to detect infiltration pathways.
The highly permeable material, on which the soil is developing (Section 2), is responsible for the strong prevalent vertical direction of flow through the subsurface. In turn, the subsurface topography is likely controlling lateral flow generation. Although not observed, it is hypothesized that, below 2 m depth, where the slate can still be infiltrated by water (as discussed by Juilleret et al., 2016) , more consistent lateral flow takes place.
Combining celerity and velocity to detect preferential flow
Maximum velocities, estimated by initial tracer detection in suction lysimeter samples, were tracer-dependent and on average 109 ± 89 mm h À1 for Cl À , 178 ± 199 mm h À1 for Br À , and 604 ± 611 mm h À1 for Li + (averaged from Fig. 6 ). The observed high variability between maximum velocities of different tracers indicates a complex pattern of movement of tracers through the soil. In Fig. 3 we showed how the faster velocity can coincide with the wetting front but has an upper limit of the celerity (i.e. it can be equal to the celerity but not higher, unless detected earlier in lysimeters than in the moisture response, Section 3.3). At most of the measurement points and times, celerities were quicker than maximum velocities (Figs. 6 and 8) . Only on March 13th the maximum velocities (indicated by the tracer arrivals) were faster than the celerities (as indicated by changes in VWC) on average of 0.2% at 10 cm depth, and 2.6% at the deeper probes (but in location S2 celerities were still higher than velocities). For the other days, celerities were on average 2.7% higher than velocities at 10 cm depth and 6.4% at the deeper probes.
This ''paradoxical" behaviour could be explained by intermittent and spatially localised preferential pathways as macropore flow, likely linked to roots, or channelled via horizontally layered stones. In this interpretation, preferential flow would need to deliver some solution to the suction lysimeters before the WCR probe located above them could detect wetting.
Even if differences between velocities and celerities may be intensified by the lower time resolution of the suction lysimeters sampling with respect to the WCR, and the depth at which celeri- [ii] a very high variability in the concentration of tracers at the trench, with differences of more than 4 standard deviations between tracer concentrations of samples taken 5 min apart at same depth in the trench. Sporadic and spatially restricted outflow was also described by Kim et al. (2005) , in a hillslope characterised by shallow soils formed in colluvium and glacial till. At our site, the highly variable concentrations of the intermittent flow to the trench had all lower concentrations than sprinkled concentrations.
Since trench concentrations are lower than the applied concentrations, this indicates that some displacement of stored water takes place even given fast preferential flow response. These direct flows to the trench, not subject to as much mixing as in the in the suction lysimeters (due to the difference in the sampling interval, lower for the suction lysimeters), are therefore not just a simple preferential flow of applied water, but a more complex flow dynamic. The imbricate structure of the coarse clasts, oriented parallel to the slope, could be driving the flow laterally (as proposed The infiltration bulb at each time step is characterised by blue to white-coloured pixels for the 100-60% grouping criterion. Grey-coloured areas correspond to criteria lower than 60%. by Heller and Kleber, 2016 , on periglacial cover beds), favouring a preferential flow network.
Tracer dynamics
Experiment 2 showed lower celerities than Experiment 1 (Fig. 8) , despite input intensities of a similar magnitude of Experiment 1, step 2 ( Table 2 ). The lower values of celerities might be due to compaction of the soil around the probes over the period between the experiments, but could also be a consequence of change to the soil structure as a result of chemical processes following the addition of the tracer solution during Experiment 1 (Klaus et al., 2014; Wendroth et al., 2011) .
Indeed, applying large amounts of salt to the soil surface can generate tracer-dependent changes in the soil structure Yalamanchali, 2012; Yousefi et al., 2014) . High concentrations of cations, particularly K + and Na + , are known to be responsible for a decrease in permeability and a reduced hydraulic conductivity (Rengasamy and Olsson, 1991 (Fig. 6 ). Our interpretation depends on comparing celerity responses with conservative tracer responses. The non-uniformity of the rainfall intensity surely has an influence on the velocity/celerity relationship (Beven, 2012) . Biogeochemical interactions and sorption are considered as the primary reasons for different tracer behaviour.
Understanding soil-tracer interactions is extremely difficult. In an effort to understand the differences in the velocities measured during the experiments, we briefly outline the processes that might affect tracer movement:
i. Anion exclusion. Cl À and particularly Br À can be transported through pores slightly faster than water molecules, due to the anion exclusion phenomenon, linked to the repulsion of anions from the negatively charged soil particles (Flury and Wai, 2003) . ii. Chlorination. The soil organic matter can instantaneously trap Cl À in the upper soil layer (which is enriched in organic matter) (Bastviken et al., 2007) . iii. Anion retardation. Salt addition affected the dominant charge of the soil. The strong content of Na + and K + could have given a positive charge to the soil, generating the conditions for anion retardation (due to sorption, see Sposito, 1989) . In support of this hypothesis, salt aggregates had been observed on the soil surface (primarily NaCl and KCl).
Chlorination may have slowed down Cl À respect to Br À , and some combination of factors may have accelerated the passage of Li + explaining the higher maximum velocity values observed in [ii] and [iii] could have been mitigated, though we do not have direct evidence to support or refute this. We have no particular evidence that any of these processes might prevail over simple conservative transport, nor it was not the aim of this study to explore such chemical processes.
Additional information about mixing and tracer presence in the soil is provided by the multi-parameter sensor located in the middle of the plot (Fig. 4) . The salt sprinkled during Experiment 1 remained in the soil long after the experiment (Fig. 4) . The strong signal of EC in response to natural rainfall events shows remobilisation of the salt stored in the soil matrix, particularly during the heavy rainfall events in summer of 2014 (Fig. 4a) . Soil analysis performed in autumn 2014 (i.e. 6 months after Experiment 1) strengthens this point: there were significant amounts of Cl À and Br À stored in the soil, to be remobilised during later rainfall events (Section 4.2). In the same way, Br À was found in all the samples collected during Experiment 2, both at the trench and in the suction lysimeters (Section 4.2). Chemical transport processes were present at the site well after the experiment. Remobilisation was peaking at the same time as the VWC peaks, therefore suggesting a system limited by transport. The salt was finally depleted towards the end of the summer, after a total of 500 mm of natural rainfall had infiltrated. Rainfall events following the summer period (additional 250 mm) did not cause the same release of tracers. The system was therefore limited by supply in this period (Fig. 4b) , even though there was still residual tracer within the soil matrix suggested by the suction lysimeter samples (Section 4.2). In March 2015 a strong response was observed due to the last application of tracer (Fig. 4c) .
Conclusions
The relationship between tracer velocities and wave or wetting front celerities is essential for understanding the complexity of flow from hillslopes to the stream. No experimental studies have yet connected estimates of the maximum velocity and wetting front derived from state-of-the-art experimental techniques. To fill this gap, the maximum velocity and the celerity responses were explored in a plot located in the Weierbach catchment, where subsurface flows are known to contribute to riparian zone wetness and streamflows. Maximum tracer velocities and wetting front celerities were determined at plot scale using a three-fold monitoring protocol (including artificial tracers, time domain reflectrometry and time-lapse electrical resistivity tomography).
This study demonstrated the potential of different measurement approaches in facilitating the interpretation and quantification of infiltrating water flows. This work demonstrated that MICS, can help to understand wetting front dynamics, but it cannot capture local wetness patterns/lateral flow. The ERT method, as used here, does not detect wetting fronts or tracer transport at depths further than 2-3 m depending on the grouping criteria, due in part to the coarse resolution and in part to the characteristics of the bedrock (in particular its low porosity and resistivity).
It was found that tracer-specific properties influenced the response in terms of maximum velocity. In particular, Li + , the last tracer used, reached the measurement points with velocities much higher than Br À , and both were detected quicker than Cl À , the first tracer to be employed and the more abundant in the input water (and the only one being naturally present in this soil). Moreover, tracers and soil compression during Experiment 1 potentially altered the soil structure and may have influenced the celerity estimates. A more extensive soil survey is being undertaken to understand tracer interactions at this soil.
No lateral flow was observed in the trench apart from a few preferential pathways. Preferential flow processes were indicated by three different results: [i] maximum velocities apparently greater than celerities observed during experiment 2, [ii] scattered trench flow response with highly variable tracer concentrations and [iii] very low range of apparent porosity calculated using both MICS and deep VWC.
Maximum velocity information proved to be essential to understand flow dynamics in response to sprinkling, while information on the wetting front alone would have missed important processes. This analysis demonstrates that measuring tracer velocities was of greater importance for understanding hillslope dynamics than capturing only celerity information. It also demonstrates the value of tracer data, soil moisture and ERT data at high time resolution, for interpreting hillslope dynamics. The results described in this study pose the basis for integrating in a simple way measures of celerity and maximum velocity into hydrological studies. The conditions required for the lateral connectivity to be present remain unknown and are the focus of further analysis.
